ABSTRACT
INTRODUCTION

1
Pterins contain the bicyclic pteridine ring with an amino group in the 2-position and an oxo 2 group in the 4-position; they can be reduced through the dihydro forms to the tetrahydro forms, 3 which are active as cofactors (Fig. 1A) . Tetrahydropterins are known to be the cofactors for 4 phenylalanine hydroxylases from Pseudomonas and Chromatium species as well as for mammal-5 ian aromatic amino acid hydroxylases and other mammalian enzymes (13, 17, 38, 41) (Fig. 1B) . 6
Although the identity of the mammalian tetrahydropterin cofactor -tetrahydrobiopterin (H 4 -BPt) 7 -is firmly established (38) the same is not true for bacteria. Nor is the biosynthesis of bacterial 8 tetrahydropterins well understood. 9
10 While a few bacterial taxa such as Cyanobacteria and Chlorobia produce H 4 -BPt, most do not as 11 judged directly from pterin analysis and indirectly from the rarity of genes encoding the H 4 -BPt 12 biosynthesis genes 6-pyruvoyltetrahydropterin synthase II (PTPS-II) and sepiapterin reductase 13 (SR) (Fig. 1C ) among sequenced genomes (12, 25). As bacteria lacking H 4 -BPt include Pseudo-14 monas and many others with phenylalanine hydroxylase genes, it is clear that bacterial phenyl-15 alanine hydroxylases must generally use a cofactor other than H 4 -BPt. The most prominent 16 candidate is tetrahydromonapterin (H 4 -MPt), which occurs in Escherichia coli (21) and almost 17 certainly also in Pseudomonas species (11, 17) . H 4 -MPt could potentially be derived from the di-18 hydropterin intermediates of folate biosynthesis via two different routes (Fig. 1C) . These are (i) 19 conversion of dihydroneopterin triphosphate (H 2 -NPt-P 3 ) to dihydromonapterin triphosphate (H 2 -20 MPt-P 3 ) by H 2 -NPt-P 3 epimerase (FolX) followed by dephosphorylation and reduction to the tet-21 rahydro level, and (ii) conversion of dihydroneopterin (H 2 -NPt) to dihydromonapterin (H 2 -MPt) 22
by the epimerase action of dihydroneopterin aldolase (FolB), and then reduction. FolB is a fairly 23 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from buffer). Washed pellets and the corresponding culture media were stored at -80°C until use. For 17 pterin analysis, pellets were resuspended in 1 ml of wash buffer and broken in a Mini-Bead-18
Beater using 0.1 mm zirconia-silica beads. The extract was removed, and the beads were washed 19 twice with 0.75 ml of wash buffer. The extract and washes were pooled and centrifuged (10,000 20 × g, 10 min, 4°C). Aliquots (100 µl) of supernatants ('intracellular fraction') and culture media 21 ('extracellular fraction') were oxidized for 1 h in the dark at 4°C by adding 10 µl of 1% I 2 / 2% 22 KI (wt/vol) in 0.1 or 1 M HCl, after which the excess iodine was oxidized by adding 10 µl of 23 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from 8 10% (wt/vol) sodium ascorbate. Pterins (50-or 100-µl injections) were separated on a 4-µm, 250 1 × 4.6-mm Synergi Fusion-RP 80 column (Phenomenex) that was eluted isocratically with 10 2 mM sodium phosphate (pH 6.0) at 1.5 ml/min. Peaks were detected by fluorescence (350 nm 3 excitation, 450 nm emission) and identified relative to standards. Pterins in P. aeruginosa wild 4 type and ∆folX strains were analyzed the same way except that the cells were harvested when 5
A 600 reached 0.6 ± 0.1. For folate analysis, cell pellets were suspended in 50 mM HEPES/CHES 6 [2-(N-cyclohexylamino)ethanesulfonic acid] (pH 7.85, 10 ml final volume), containing 2% 7 (wt/vol) ascorbic acid and 10 mM β-mercaptoethanol (extraction buffer), then sonicated, boiled 8 for 10 min, and centrifuged (13,000 × g, 10 min). The samples were re-extracted the same way 9 and the combined extracts were treated for 2 h at 37°C with 2 ml of dialyzed rat plasma to 10 deglutamylate folates to the monoglutamate level. Samples were then boiled for 10 min, centri-11 fuged as above, and filtered. Culture medium samples (4 ml) were processed similarly after mix-12 ing with 6 ml of ×1.67 extraction buffer. Folates were isolated using 2-ml folate affinity columns 13 His tag. Cells were grown at 37°C in LB medium containing appropriate antibiotics. When 19 A 600 reached 0.6, IPTG was added to a final concentration of 1 mM, and growth was continued 20 for 4 h. Subsequent steps were carried out at 4°C. Cells from a 200-ml culture were harvested by 21 centrifugation, resuspended in 50 mM sodium phosphate (pH 8.0), 300 mM NaCl, 10% (vol/vol) 22 glycerol, 10 mM imidazole, and disrupted by sonication. The cleared supernatant was loaded on-23
on July 8, 2017 by guest http://jb.asm.org/ Downloaded from 9 to a 0.35-ml Ni 2+ -nitrilotriacetic acid agarose resin column (Qiagen) equilibrated with the sonic-1 ation buffer. After washing the column with 16 ml of 50 mM sodium phosphate, 300 mM NaCl, 2 10% (vol/vol) glycerol, 20 mM imidazole (pH 8.0), the recombinant protein was eluted with 3 ml 3 of the same buffer containing 250 mM imidazole, and desalted on PD-10 columns equilibrated 4 in 50 mM sodium phosphate (pH 8.0), 100 mM NaCl, 10% (vol/vol) glycerol. The purified prot-5 ein was stable to freezing in liquid N 2 and storage at -80°C. Protein concentration was estimated 6 by the Bradford method (6) using bovine serum albumin as a standard. 7 8 Biochemical analysis of FolM. FolM activity was measured spectrophotometrically. Assays 9 (100 µl) were run at 22-23°C in 100 mM potassium phosphate (pH 6.0) and contained 100 µM 10 NADPH, purified enzyme (2-20 µg), a pterin, and (except when quinonoid dihydromonapterin 11 was the substrate) 10 mM β-mercaptoethanol. All components except NADPH were incubated 12 together for 30 sec before starting the reaction by adding NADPH. Reductase activities using 13 various substrates (50 µM) were measured by continuous assay, obtaining initial velocities from 14 the rate of decrease of absorbance at 340 nm. Blank rates measured in the absence of enzyme 15 were used to correct for nonenzymatic breakdown of the substrate and oxidation of NADPH. As 16 pterins exhibit absorbance changes when reduced, the following molar extinction coefficients 17 (ε 340, M -1 cm -1 ; from the literature or determined empirically) were used for the coupled oxidat-18 ion/reduction of NADPH/pterin at pH 6.0: H 2 -MPt, 6,028; H 2 -folate, 12,300 (14) very rarely encode FolM and never encode FolX. There is thus a certain reciprocity between the 10 phyletic distribution of PTPS-II and that of FolM and FolX ( Fig. 2A) , suggesting that the latter 11 might produce an alternative to H 4 -BPt. Gene clustering evidence (Fig. 2B ) supports this possib-12 ility, for it shows that folX and folM are often associated with each other and with folE (the first 13 gene of pterin synthesis), and sometimes also with folK (encoding hydroxymethyldihydropterin 14 pyrophosphokinase, which converts H 2 -HMPt to its pyrophosphate; Fig. 1C ). The folM-folE ass-15 ociation was noted previously (8). Taken together, the comparative genomic data suggest that 16
FolX and FolM have related functions in tetrahydropterin biosynthesis. A simple hypothesis is 17 that they mediate the epimerization and reduction steps in H 4 -MPt synthesis (Fig. 1C) . 18
19 Deleting E. coli folX selectively eliminates monapterin production and secretion. The above 20 hypothesis was tested first in E. coli because E. coli has H 4 -MPt as a prominent intracellular pter-21 in (21) and secretes large amounts of monapterin (MPt) in some form (40). The reduction state of 22 the secreted form is uncertain because H 4 -MPt and H 2 -MPt can spontaneously oxidize to MPt 23 and are expected to do so once released to the medium (29, 34). A folX deletant was constructed, 1 and its intra-and extracellular pterin and folate profiles were compared to those of the parent 2 wild type strain. Pterins were analyzed by fluorometric HPLC after acidic iodine oxidation to 3 their fluorescent aromatic forms. The ∆folX strain showed selective loss of the MPt peak from 4 the intracellular profile (Fig. 3A) , and complete loss of extracellular MPt and most other extra-5 cellular pterins (which appear to be MPt breakdown products) (Fig. 3B) . The intra-and 6 extracellular folate profiles of the ∆folX strain were, however, essentially identical to those of the 7 wild type (Fig. 3C) . These results establish that FolX is the only source of MPt in E. coli, and has 8 no role in folate synthesis. The combined intra-plus extracellular pterin production of wild type 9 cells was 9.1 nmol/mg protein versus 1 nmol/mg protein in the deletant. Since folates contain a 10 pterin moiety, both values should be expanded by 1.3 nmol/mg protein (the approximate sum of 11 intra-plus extracellular folate production) to obtain total pterin production. Total pterin values 12 are thus 10.4 and 2.3 nmol/mg protein for the wild type and deletant, respectively. The difference 13 between these values (8.1 nmol/mg protein) provides an estimate of the normal FolX-mediated 14 flux to MPt. This flux is six-fold far larger than the flux to folates (1.3 nmol/mg protein). It is 15 noteworthy that 99% of the MPt produced by wild type E. coli cells was extracellular, as was 16 98% of total pterin (Fig. 3B) . 17 18 folX and folM are essential for P. aeruginosa phenylalanine hydroxylase function in E. coli. 19
To further explore the roles of folX and folM in H 4 -MPt formation and function, we turned to a 20 convenient heterologous expression system in which P. aeruginosa phenylalanine hydroxylase 21 (PhhA) is expressed in E. coli together with the pterin recycling enzyme pterin-4a-carbinolamine 22 dehydratase (PhhB) (27, 37, 41) . As E. coli has neither PhhA nor PhhB, their expression installs 23 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from the ability to form tyrosine from phenylalanine, thereby allowing rescue of the tyrosine auxo-1 trophy caused by a tyrA mutation. This rescue was abrogated by deleting either folX or folM, and 2 restored by expressing the deleted gene from a plasmid (Fig. 3D) . Because the ∆folX strain lacks 3 MPt, and only MPt (Fig. 3A) , these results establish that H 4 -MPt is the physiological cofactor for 4
PhhA, at least in E. coli. They also show that FolM is required for PhhA function, most probably 5 to reduce H 2 -MPt to H 4 -MPt. An alternative possibility, that FolM is the quinonoid dihydropterin 6 reductase that recycles oxidized H 4 -MPt (Fig. 1B) , is unlikely because this activity is reported to 7 reside in the E. coli NfnB protein (39) and was not detected in recombinant FolM (see below). 8 9 Recombinant FolM has high H 2 -MPt reductase activity. To corroborate the inference that 10 FolM is the source of H 2 -MPt reductase activity, recombinant FolM was purified (Fig. 4A) and 11 assayed using H 2 -MPt or other pterins (50 µM) as substrates and NADPH as cofactor (Fig. 4B) . 12
Assays were made at pH 6.0 because we found that FolM is most active at acidic pH, as prev-13 iously reported (14). FolM activity with H 2 -MPt was 16-fold higher than with H 2 -folate, the best 14 previously-known substrate (14). FolM also showed some activity with the folate pathway inter-15 mediate 6-hydroxymethyldihydropterin (H 2 -HMPt) but not with dihydroneopterin (H 2 -NPt), the 16 epimer of H 2 -MPt. Monapterin was not a substrate and neither, as far as could be judged, was the 17 quinonoid form of dihydromonapterin. This form (prepared in situ by oxidizing H 4 -MPt) rearr-18 anges very fast to H 2 -MPt (23) and no activity beyond that attributable to the H 2 -MPt thus form-19 ed was detected. NADH could not replace NADPH as cofactor. Kinetic characterization of the 20 H 2 -MPt reductase activity (Fig. 4C) (Fig. 5A and B) . As in E. coli, >95% of the MPt made by wild 3 type cells was extracellular (Fig. 5B). A tyrA deletant was then constructed as well as a ∆tyrA 4 ∆folX strain. The ∆tyrA strain was, as expected, prototrophic for tyrosine since PhhA allows 5 tyrosine formation from phenylalanine (Fig. 4C) . The ∆tyrA ∆folX was auxotrophic for tyrosine 6 (Fig. 4C) showing that folX is required for PhhA function in situ as well as when expressed 7
heterologously in E. coli. 8
9
DISCUSSION
10
Our data confirm the hypothesis (1) that FolX is the sole source of MPt in E. coli, and show that 11 this is the case in P. aeruginosa as well. They also establish a physiological function for FolM as 12 a H 2 -MPt reductase, again confirming an earlier hypothesis (8). In this connection, the lack of 13 activity against H 2 -NPt is significant, because -as an intermediate of folate synthesis (Fig. 1C) The answer may lie in the occurrence in diverse bacteria of genes encoding fusions of FolB with 22
FolK, the next enzyme in the folate synthesis pathway (Fig. 6A) . Such a fusion implies the poss-23 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from ibility of metabolic channeling of H 2 -NPt straight through to H 2 -HMPt diphosphate (Fig. 1C) , 1 with any H 2 -MPt formed via the epimerase activity of FolB inaccessible to other enzymes. It is 2 therefore conceivable that FolB-FolK fusions are covalently linked versions of a noncovalent 3 FolB-FolK complex in which channeling also occurs. A related possibility is that the FolB-FolK 4 complex lacks epimerase activity. 5 6 The second question is the role of FolM in bacteria whose genomes lack a folX gene. Such bact-7 eria are numerous, and some of them (e.g., Burkholderia, Xanthomonas) contain a phhA gene 8 and hence almost surely produce a tetrahydropterin ( Fig. 2A) . Perhaps in such cases, FolM has 9 access to H 2 -MPt produced by FolB because FolB is not tightly complexed with FolK. In this 10 connection, it is interesting to note that, in γ-Proteobacteria that lack folX, folM clusters on the 11 chromosome with folB instead of folX (Fig. 6B) . Alternatively, FolM might reduce the folate 12 synthesis intermediate H 2 -HMPt, which is a substrate for E. coli FolM (Fig. 4B ) -but this would 13 set up potential competition between tetrahydropterin and folate synthesis. 14 15
The third question concerns the biological role of H 4 -MPt in E. coli and other bacteria (e.g., Serr-16 atia, Shigella) that have folX and folM but no phenylalanine hydroxylase gene ( Fig. 2A) . It is 17 probable that, like E. coli, the others produce and secrete H 4 MPt, because high levels of MPt 18 were found in the culture medium of Serratia marcescens (= S. indica) (22, 24) . The scale of 19 pterin production in E. coli and S. marcescens far exceeds that of folates although the latter are 20 usually considered to be the main end products of pterin biosynthesis ( Fig. 3B and reference 22) . 21
In E. coli at least, pterin production peaks as log phase growth ends (40), and folX expression is 22 39-fold higher in stationary than in mid-log phase cells (18). It therefore seems likely that a 23 on July 8, 2017 by guest http://jb.asm.org/ Downloaded from
